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ABSTRACT
The recent detection of two faint and extended star clusters in the central regions of two Local Group dwarf galaxies,
Eridanus II and Andromeda XXV, raises the question of whether clusters with such low densities can survive the tidal
field of cold dark matter haloes with central density cusps. Using both analytic arguments and a suite of collisionless
N-body simulations, I show that these clusters are extremely fragile and quickly disrupted in the presence of central
cusps ρ ∼ r−α with α & 0.2. Furthermore, the scenario in which the clusters were originally more massive and sank
to the center of the halo requires extreme fine tuning and does not naturally reproduce the observed systems. In
turn, these clusters are long lived in cored haloes, whose central regions are safe shelters for α . 0.2. The only viable
scenario for hosts that have preserved their primoridal cusp to the present time is that the clusters formed at rest at
the bottom of the potential, which is easily tested by measurement of the clusters proper velocity within the host.
This offers means to readily probe the central density profile of two dwarf galaxies as faint as LV ∼ 5 × 105L and
LV ∼ 6× 104L, in which stellar feedback is unlikely to be effective.
Keywords: dark matter – galaxies: halos – galaxies: structure – galaxies: star clusters – galaxies:
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1. INTRODUCTION
The distribution of matter on cosmological scales is
very successfully reproduced by the standard Λ cold
dark matter (DM) model: the agreement with measure-
ments of both the cosmic microwave background and
the baryonic acoustic oscillation feature (e.g., Planck
Collaboration et al. 2014; Anderson et al. 2014; Frenk
& White 2012) is impressive. However, these tests only
probe the DM linear power spectrum at scales &10 Mpc.
At the scales of galaxies and below alternative DM mod-
els make different predictions, which provides means to
differentiate among them.
Cold, non relativistic DM particles virialize in haloes
characterized by a central density distribution which di-
verges as ρ ∼ r−1 (Dubinski & Carlberg 1991; Navarro et
al. 1996), and containing a fraction of about 10% of their
mass in substructure, in the form of bound sub-haloes
(Diemand et al. 2008; Springel et al. 2008). Warm(-er)
DM particles allow for less power at small scales: the
subhalo mass function is suppressed below some model-
dependent minimum mass and the total mass fraction in
substructure is lowered (e.g., Bode et al. 2001; Menci et
al. 2012; Lovell et al. 2014; Bose et al. 2016); halo con-
centration, additionally, becomes a non-monotonic func-
tion of halo mass (e.g., Ludlow et al. 2016). Models al-
lowing for self-interactions also imply a reduction in the
small-scale power, but additionally feature haloes with
centrally cored density profiles (e.g., Spergel & Stein-
hardt 2000; Vogelsberger et al. 2012; Elbert et al. 2015),
with the size of the core depending on the strength of
the interaction itself (Zavala et al. 2013; Lin & Loeb
2016). Central density cores are also predicted in the
‘fuzzy’ DM scenario (Press et al. 1990; Hu et al. 2000;
Hui et al. 2017), in which DM is made of light scalar
particles that manifest their quantum properties at as-
trophysical scales. Cores sizes are dictated by the mass
of the axion-particle and recent numerical studies are
beginning to provide definite predictions for the process
of cosmological structure formation within this model
(Schive et al. 2014, 2016; Mocz & Succi 2015; Du et al.
2017).
Establishing sound astrophysical tests for dark mat-
ter models on dwarf galaxy scales and below has proven
especially hard so far. Recently, probing the mass func-
tion of halo substructure, with either strong lensing (e.g.
Kochanek & Dalal 2004; Vegetti et al. 2014; Hezaveh et
al. 2016) or thin stellar streams (e.g., Johnston et al.
2002; Ibata et al. 2002; Erkal et al. 2016) is establishing
itself as a promising venue. Here, however, I concen-
trate on those complimentary tests based on the detailed
properties of the density profile of low-mass, dark matter
dominated galaxies (virial mass M200 . 1011M).
On the theoretical side, the predictions for the halo
density profile mentioned above do not take into account
the impact of baryons, and the complex hydrodynami-
cal processes that accompany galaxy formation. Radia-
tion and winds from young stars and supernovae, often
globally referred to as stellar feedback, are an impor-
tant ingredient in the formation of dwarf galaxies (e.g.,
Dekel & Silk 1986; Navarro et al. 1996; Mashchenko et
al. 2006; Pontzen & Governato 2014). However, a con-
sensus has yet to be reached on how feedback can or
cannot sculpt cores into the central regions of originally
cuspy dwarf galaxy haloes (e.g., Governato et al. 2012;
Zolotov et al. 2012; El-Badry et al. 2016; Sawala et al.
2016; Fattahi et al. 2016). Simple energetic arguments
(Pen˜arrubia et al. 2012; Amorisco et al. 2014) and some
sub-grid implementations of the feedback processes in
hydrodynamical simulations (e.g., Di Cintio et al. 2014;
On˜orbe et al. 2015) suggest that core-creation is sup-
pressed in faint enough galaxies (L . 105.5L). Dwarfs
with these luminosities should preserve their primordial
cusps and represent perfect targets to test the nature of
dark matter. However, a different numerical implemen-
tation (Read et al. 2016) suggests that cores can emerge
also in the faintest galaxies. This motivates even more
strongly the need for reliable measurements of the inner
density profile of low mass haloes. Even before probing
the nature of DM, these measurements are crucial to
understand the feedback processes themselves.
On the observational side, however, such measure-
ments remain extremely challenging. Decades of debate
have shown that this is the case for galaxies supported
by rotation (e.g., Persic & Salucci 1991; Flores & Pri-
mack 1994; de Blok et al. 2008; Oh et al. 2011; Adams
et al. 2014; Oman et al. 2015). In addition, systems
that are faint enough to have possibly preserved a pris-
tine cusp are pressure supported systems. Close enough
dwarfs are the satellite galaxies of the Local Group;
these include the ‘classical’ dwarf Spheroidals (dSphs,
L & 105L) and the Ultrafaints (UFs, L . 105L, e.g.,
McConnachie 2012). As for all pressure supported sys-
tems, their kinematic modelling is plagued by marked
degeneracies, which manifest themselves when line-of-
sight kinematics alone is available. These degeneracies
make it impossible to measure the galaxy’s density pro-
file, and only allow for the determination of a mass scale
(Walker et al. 2009; Wolf et al. 2010; Amorisco & Evans
2011; Agnello et al. 2014), substantially complicating
the analysis of datasets collected with painstaking ef-
fort (e.g., Battaglia et al. 2008; Walker et al. 2009).
This difficulty was partially overcome by the realiza-
tion that chemo-dynamically distinct stellar subpopu-
lations can occur in Local Group dSphs (e.g., Tolstoy
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et al. 2004; Battaglia et al. 2006; Walker & Pen˜arrubia
2011; Kordopatis et al. 2016) and can be used jointly to
constrain the gravitational potential in which all stars
reside. This kind of analysis can break the degener-
acy between mass and anisotropy typical of pressure
supported systems. Two classical dSphs, Sculptor and
Fornax, could be studied with this technique. In both
cases, this is found to weakly disfavor a ρ ∼ r−1 cusp
(Battaglia et al. 2008; Walker & Pen˜arrubia 2011; Amor-
isco & Evans 2012; Agnello & Evans 2012; Amorisco
et al. 2013; Zhu et al. 2016), but the statistical signifi-
cance of this result has been contended (e.g. Breddels &
Helmi 2013; Richardson & Fairbairn 2014; Strigari et al.
2017). Alternative methods proposed in the literature
to probe the central dark matter profile of local dwarf
galaxies include: (i) the survival time of unbound kine-
matic substructure (Kleyna et al. 2003; Sa´nchez-Salcedo
& Lora 2010); (ii) the dynamical friction timescale of
massive Globular Clusters (e.g., Hernandez & Gilmore
1998; Sa´nchez-Salcedo et al. 2006; Goerdt et al. 2006;
Cole et al. 2012); (iii) the internal kinematics of dwarf
galaxy streams (Errani et al. 2015); (iv) the survival of
loosely bound binary stars (Pen˜arrubia et al. 2016).
Motivated by the recent discovery of extended, low-
mass star clusters in two Local Group dwarfs, in this
paper I seek to establish what are the constraints that
their survival to the present day puts on the DM pro-
file of their host haloes. Extended clusters have been
observed before in M31 (e.g., Huxor et al. 2011), where
they are though to have been deposited by disrupted
dwarfs (e.g., Mackey et al. 2010; Hurley & Mackey 2010;
Huxor et al. 2013). The two recently discovered systems
are particularly extreme: as I will show, the combina-
tion of their stellar mass and size, together with the
short orbital times and current projected locations make
for an almost inescapable threat to their survival. This
represents the main difference from a previous study,
Pen˜arrubia et al. (2009), dedicated to the dynamical
evolution of the star clusters of the Fornax and Sagit-
tarius dSphs. Together with dense clusters, both these
dwarf galaxies currently harbor diffuse star clusters,
namely F1 in Fornax, Arp2 and Ter8 in Sagittarius. As
shown by Pen˜arrubia et al. (2009), these would easily be
disrupted by the tides if they were to orbit close enough
to the center. However, such fragile GCs are observed to
lie at significant projected distances, where at the same
time (i) they are currently safe and (ii) dynamical fric-
tion is inefficient. As a consequence, as recognized by
Pen˜arrubia et al. (2009), they are long lived. This is not
the case for the systems I explore in this paper.
The dwarf galaxies considered here are Eridanus II
(EriII, Koposov et al. 2015; Bechtol et al. 2015) in
the periphery of the Milky Way, and Andromeda XXV
(AndXXV, Richardson et al. 2011; Cusano et al. 2016),
around M31. Each of them contains an extended, low
mass star cluster which, given its structural properties,
is extremely susceptible to the tidal field. Still, in both
systems, the cluster is observed to reside – in projection
– in the central regions of the galaxy, where the tides
are strongest in cold DM haloes. Using both analyti-
cal arguments and collisionless numerical simulations I
systematically explore the evolution scenarios that could
allow the extended star clusters in EriII and AndXXV to
survive to the present day. Predictions for the internal
kinematics of the clusters are also discussed, providing
means to to distinguish between the different scenar-
ios, and therefore to infer the density profiles of the two
host galaxies. Section 2 presents the two systems; Sec-
tion 3 puts the dynamical problem into context; Section
4 describes the numerical setup; Section 5 describes pos-
sible scenarios for cuspy haloes; Section 6 concentrates
on cored haloes; Section 7 discusses results and presents
the Conclusions.
2. THE CLUSTERS AND THEIR HOSTS
2.1. Eridanus II
At a distance of D ≈ 370 kpc, EriII is a UF satellite
of the MW, with a luminosity of LV ≈ 6 × 104L, a
projected half-light radius of Rh ≈280 pc, a quite high
ellipticity  ≈ 0.48 and no evidence for the presence
of gas (Crnojevic´ et al. 2016). Using Magellan/IMACS
spectroscopy Li et al. (2017) have recently targeted EriII
and confirmed 28 member stars. They find a velocity
dispersion of σ = 6.9+1.2−0.9 kms
−1, a mean metallicity of
[Fe/H] ≈ −2.4, and can exclude the presence of young
stars in the system.
A round overdensity of stars near the center of EriII
was already spotted in the discovery data (Koposov et
al. 2015), and subsequent deep imaging (Crnojevic´ et al.
2016) has confirmed the presence of an extremely faint
and quite extended star cluster. This has a luminosity
of
LV,c ≈ 2× 103L (1)
and a projected half-light radius of
Rh,c ≈ 13 pc . (2)
As such, EriII is the least luminous galaxy known to
posses a stellar cluster, which has prompted the sugges-
tions that other distant Milky Way GCs might in fact
be hosted by yet undiscovered low surface brightness
galaxies (Zaritsky et al. 2016). The stellar clusters is
projected very close to the inferred center of the stel-
lar distribution of EriII, but has a measurable offset of
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d ≈ 45 pc. The resolved stars in the cluster would sug-
gest its stellar population is old, and consistent with the
old population of EriII (≈ 10 Gyr).
2.2. Andromeda XXV
AndXXV sits at a projected distance of ≈ 90 kpc
from the center of M31 and has a luminosity of LV ≈
5× 105L (Richardson et al. 2011; McConnachie 2012;
Martin et al. 2016), approaching the lower edge of the
range of ‘classical’ dSphs. Its projected half light radius
is quite large for its luminosity, but also quite uncertain
as a consequence of a chip gap in the available imaging
data (Richardson et al. 2011; Martin et al. 2016), with
literature values ranging between 550 and 700 pc. The
internal kinematics of AndXXV was probed by Collins
et al. (2013), who measured a peculiarly low velocity
dispersion of σ = 3.1+1.2−1.1 kms
−1.
By visual inspection of stacked images, Cusano et al.
(2016) have recently unveiled the presence of a concen-
tration of stars near the central regions of AndXXV.
The color magnitude diagram of the few resolved stars
is compatible with that of old stars at the distance of
AndXXV, which suggests that the cluster and the dwarf
are indeed physically associated (Cusano et al. 2016).
Further support for this can be obtained by considering
the probability of chance alignments, of either a fore-
ground GC belonging to the MW or of a GC associated
with M31. The first is very small: even assuming the
MW has has many as 500 (yet undetected) GCs, dis-
tributed isotropically, the probability of a chance pro-
jection within an angle of ≈ 2Rh/750 kpc is of only1
≈ 3× 10−4. The total number of GCs in M31 is uncer-
tain, probably as high as ∼ 450 (Veljanoski et al. 2013),
with as many as ∼ 1000 candidates (Galleti et al. 2004).
If I assume the latter figure and a 3-dimensional number
density profile that declines as slowly as r−2 (truncated
for example at r = 200 kpc), the probability of a chance
alignment is of about 5%. This indicates that the clus-
ter and AndXXV are very likely associated with each
other.
The cluster has a luminosity of
LV,c ≈ 8× 103L (3)
and a projected half light radius of
Rh,c ≈ 25 pc , (4)
making it significantly extended. As for EriII, the pro-
jected position of the cluster does not coincide with the
1 A similarly small probability is obtained using the same ar-
gument for the case of Eri II.
centroid of AndXXV main stellar component. The pre-
cise value of the offset is uncertain due to the mentioned
chip gap, but appears comparable to what is seen in
EriII, d ≈ 46 pc.
3. DYNAMICAL INGREDIENTS
3.1. Limits from the dwarf galaxy kinematics
The observed values of the stellar velocity dispersion
in EriII and AndXXV provide constraints on the host
halos. Since a split in multiple stellar subpopulations is
not available for these two systems, the only constraint
posed by present data is on the total mass within the
half-light radius (Walker et al. 2009; Wolf et al. 2010;
Amorisco & Evans 2011; Agnello et al. 2014). I use
the mass estimator proposed by Campbell et al. (2016)
(their eqn. (17) and Table 3). With a form similar to
the estimator proposed by Amorisco & Evans (2011,
2012), this was tested on cosmological simulations and
it appears to minimize bias and scatter. Taking into ac-
count both observational and systematic uncertainties,
the constraints on the total mass are
7.0 < log [Mtot(< 1.77Rh)/M ] < 7.6 (5)
for EriII, and
6.2 < log [Mtot(< 1.77Rh)/M] < 7.3 , (6)
for AndXXV, where Rh are the galaxies’ half light radii.
I assume the halo has a parametric form
ρ(r) =
ρs(
r
rs
)α (
1 + rrs
)3−α , (7)
in which the classical Navarro-Frenk-White density pro-
file (NFW, Navarro et al. 1996) corresponds to the case
α = 1. For such cuspy haloes, the 1-sigma regions shown
in panel a of Figure 1 illustrate the constraints (5,6).
Here ρs and rs are respectively the characteristic density
and scale radius of the density profile, as in eqn. (7). Full
black dots in the same panel represent mean cosmolog-
ical haloes at z = 0, satisfying the mass-concentration
relation of cold DM haloes (as compiled by Ludlow et
al. 2016). Points range between a virial mass M200 of
107 and 1011 M, in steps of 0.5 dex. Using the same
steps, smaller points illustrate the range allowed by the
scatter in the mass-concentration relation, for the same
set of masses.
EriII appears most compatible with a cold DM halo
of logM200/M = 9, having rs kpc−1 = 1.58log ρs M−1 kpc3 = 7.07 . (8)
Deadly cusps: Eridanus II and Andromeda XXV 5
14 24 38
65
65 100
100
-1.5 -1.0 -0.5 0.0 0.5
0.0
0.2
0.4
0.6
0.8
1.0
log r kpc-1
a
7
11
rt = 2 Rh,c
Eri II
And XXV
-0.5 0.0 0.5 1.0
6.5
7.0
7.5
log rs kpc-1
log
r s
M
ü
-
1
kp
c3
rt = 2 Rh,c
8 13 20 35
35
60
-1.5 -1.0 -0.5 0.0 0.5
0.0
0.2
0.4
0.6
0.8
1.0
log r kpc-1
a
a b c
a b c
1
10
100
2.2
22
0.5
5
50
3.0 3.5 4.0 4.5 5.0
8.5
9.0
9.5
10.0
10.5
log Mc Mü
-1
log
M
20
0
M
ü
-
1
3
6 13
75 100
3.0 3.5 4.0 4.5 5.0
0.0
0.2
0.4
0.6
0.8
1.0
log Mc Mü
-1
a
1
10
2.2
22
0.5
550
100
3.0 3.5 4.0 4.5 5.0
0.0
0.2
0.4
0.6
0.8
1.0
log Mc Mü
-1
a
Figure 1. Tidal radii for the star clusters observed in EriII and AndXXV. Panel a shows the plane of the characteristic density
ρs and scale radius rs of an NFW density profile, and the 1-sigma constraints imposed by the observed stellar kinematics in
EriII (red lines) and in AndXXV (blue lines). Large points identify the mean properties of cosmological cold dark matter haloes
at redshift z=0, for virial masses between 107M and 1011M, in steps of 0.5 dex. Smaller black dots illustrate the size of
the 1-sigma scatter in the mass-concentration relation. Panels b and c show contours for the instantaneous tidal radius (9) in
the plane of the galactocentric orbital distance r and of the slope of the density profile α (see text for more details). Panel b
refers to a cluster with mass Mc = 5 × 103M, representative of the case of EriII, while panel c is tailored on AndXXV, with
Mc = 25× 103M.
This value of the virial mass is in good agreement with
what would be inferred based on the dwarf’s luminos-
ity using abundance matching (e.g., Garrison-Kimmel
et al. 2017; Jethwa et al. 2016). Haloes with different
inner slopes, α < 1, and compatible with the same mass
constraint can be obtained as follows. The scale radius
rs is kept fixed as in (8), as it would be if the central
density cusp is removed by feedback or scoured by the
orbital evolution of gaseous massive clumps (e.g., El-
Zant et al. 2001; Ma & Boylan-Kolchin 2004; Cole et al.
2011; Nipoti & Binney 2015; Del Popolo & Pace 2016).
The characteristic density ρs is adjusted as a function
of α, so that the enclosed mass Mtot(< 1.77Rh) remains
constant.
As shown by the blue lines in panel a of Fig. 1, the
low value of the velocity dispersion of AndXXV would
suggest an unexpectedly low virial mass. Collins et al.
(2013) have already identified the peculiar properties of
AndXXV, which is an outlier in the population of Local
Group dwarfs. They concluded that AndXXV is likely
to have been recently affected by tides (see also Collins
et al. 2014). Indeed, the value of the virial mass ob-
tained above assuming dynamical equilibrium appears
exceedingly low. This is especially true when compared
to the dwarf’s brightness, which would instead suggest
a halo at least as massive as the one in EriII.
3.2. Instantaneous tidal radii
For a cluster with mass Mc orbiting within the spher-
ically symmetric potential Φ(r) and instantaneously at
a galactocentric distance r, the nominal tidal radius is
given by (see e.g., Renaud et al. 2011; Amorisco 2015)
rt =
(
GMc
Ω2(r)− d2Φ/dr2
)
, (9)
where Ω2(r) = r−1dΦ/dr. For a Keplerian gravitational
potential generated by a mass M , Eqn (9) returns the
classical rt = r(Mc/3M)
1/3. However, the shape of the
density profile should also be taken into account.
Panels b and c of Fig. 1 display contours for the in-
stantaneous tidal radius (9), measured in pc, in the
plane of orbital distance r versus slope of the density
profile α, as from eqn. (7). Following the analysis of
Sect. 3.1, for EriII I have assumed that, when α = 1,
the halo has the properties of a mean cold DM halo
with logM200/M = 9, as in eqn. (8). For different
values of α, the dimensional scales are obtained as de-
scribed in Sect. 3.1, i.e. so to satisfy the kinematic con-
straint (5). For AndXXV, the arguments in Sect. 3.1 are
inconclusive. Given the dwarf’s luminosity, the value
logM200/M = 9 is likely a lower bound to the origi-
nal virial mass of the system, and therefore represents
a conservative choice with respect to the strength of
the tidal field. For this reason, panel c of Fig. 1 also
adopts logM200/M = 9. As to the clusters them-
selves, Fig. 1 assumes that the cluster in EriII has a
mass of Mc = 5 × 103M and the one in AndXXV has
Mc = 25×103M, corresponding to a mass to light ratio
of M/LV ≈ 2.5 M/L.
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Figure 2. Estimates of the dynamical friction timescale. Panel a shows contours of tfr in Gyr, i.e. the time it takes for a
cluster with mass Mc to sink from a radius of 250 pc to the center of mean cosmological NFW halo with virial mass M200. The
red and blue lines show where rt(r = 250 pc) = 2Rh,c in the same plane, respectively for EriII and AndXXV. Panel b displays
contours of tfr in haloes with different central density slopes α. Panel c shows the ‘stalling radii’ rstall, where dynamical friction
is suppressed, or equivalently, the tidal radius at that location, rt(rstall). Models above these lines are likely to experience
significant tidal mass loss on their way to the center of the host.
The red and blue lines in panels b and c of Fig. 1
display the contours
rt = 2 Rh,c , (10)
where Rh,c are the observed projected half light radii of
the two clusters. These lines are approximate divides
between configurations in which the cluster experiences
substantial tidal loss, if rt  2 Rh,c, and the opposite
regime in which the cluster does not fill the Roche lobe
and is safe against the tidal field, rt  2 Rh,c. Cuspy
density profiles result in threatening tidal fields, with a
sharp demarcation between profiles with α < 0.2 and
α & 0.2. In order to survive for a time comparable with
its age in a α & 0.2 cusp, this simplified analysis suggests
that the cluster in EriII should remain at galactocentric
distances r & 500 pc. The one in AndXXV at distances
r . 700 pc. Furthermore, in the presence of a den-
sity cusp and a non-circular orbit, the addition of tidal
shocking at pericenter is likely to significantly facilitate
the disruption of the cluster. This is especially true since
the dynamical time in the central regions of the haloes
in object is short, tdyn ≈ 0.1 Gyr, resulting in repeated
injections of energy into the cluster. As a consequence,
clusters are very likely to be quickly destroyed if they
happen to orbit at radii where rt  2 Rh,c. At face
value, this result is at odds with the observation that
both clusters have a projected distance d . 50 pc from
the center. I will return on this aspect in a quantitative
manner in Sect. 5.1.
On the other hand, Fig. 1 suggests that if hosts are
cored or have very shallow density slopes, α . 0.2, both
clusters are free to orbit at any galactocentric distance.
In fact, for α . 0.2, panels a and b in Fig. 1 show that the
instantaneous tidal radius rt is a non monotonic func-
tion of the orbital radius r: the very central regions are
safer than when r ≈ Rh. This follows from the sign
inversion of the eigenvalues of the tidal tensor, which
mark the transition to a compressive tidal field when
in a constant density environment (e.g., Chandrasekhar
1942; Renaud et al. 2011). This simple analysis suggests
that, despite their low mass and large sizes, the clusters
in EriII and AndXXV would be safe against the tides in
haloes with a very shallow cusp or a large core. More in
general, clusters even more fragile than those considered
here could survive indefinitely if, helped by dynamical
friction, they can manage to cross the region r ≈ Rh
and reach the sheltered inner core region.
3.3. Dynamical friction
It is well known that dynamical friction is an impor-
tant ingredient in the evolution of GCs in dwarf galaxies
(e.g., Tremaine et al. 1975; Oh & Lin 2000; Lotz et al.
2001; Sa´nchez-Salcedo et al. 2006; Goerdt et al. 2006;
Hartmann et al. 2011; den Brok et al. 2014; Brockamp
et al. 2014). The scope of this section is limited to pro-
viding estimates for the sinking times tailored on the
problem at hand. These estimates are useful to guide
the identification of viable evolution scenarios for the
clusters, to be explored numerically in Sect. 5.
The standard understanding of dynamical friction is
crystallized in Chandrasekhar’s analytic formula (Chan-
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drasekhar 1943; Binney & Tremaine 2008):
dvc
dt
= −4piG2 Mcρ
v2c
log Λ fv<vc , (11)
where Mc is the cluster mass, vc is the norm of its ve-
locity, ρ is the background density, log Λ is the usual
Coulomb logarithm and fv<vc is the fraction of the back-
ground density with velocities v < vc. Here, I seek to
estimate the dynamical friction timescale tfr of clusters
with different masses in haloes with different density
profiles. To this end, I consider the simplified scenario
in which:
• the cluster mass Mc remains constant during sink-
ing, i.e., the cluster is not contemporarily affected
by tides;
• the orbit of the cluster evolves loosing both energy
and angular momentum but conserving its circu-
larity j = 1, i.e. it remains a circular orbit;
• variations in the factor log Λfv<vc during the or-
bital evolution are secondary and can be neglected;
• the cluster orbits in the central regions of the den-
sity profile (7), where ρ ∼ ρs (r/rs)−α.
For the sake of clarity, j is the orbital circularity j ≡
J/Jcirc(E), where J and E are the orbital angular mo-
mentum and the energy of the cluster, and Jcirc(E) is
the angular momentum of a circular orbit with energy
E. Under the model assumptions above, the dynamical
friction timescale tfr scales as follows: tfr ∝ G−1/2 ρ
1/2
s r3s M
−1
c (ri/rs)
3−α/2
g(α)
g(α) = (6− α)−1(4− α)(3− α)3/2
.
(12)
This is the time it takes for dynamical friction to bring
a massive object from the radius ri to r = 0. I cali-
brate eqn. (12) on the result of an N-body simulation
in which a massive particle, logMc/M = 4.7, is put
on a circular orbit with rcirc,i = 250 pc in a cold DM
halo as in eqn. (8). This sinks in a time tfr ≈ 1.9 Gyr.
An analogous massive particle the same initial orbital
energy, but on a very eccentric orbit, j = 0.3, sinks in a
very similar time, tfr ≈ 1.85 Gyr (see Sect. 4 for details
on the numerical setup).
Panel a in Fig. 2 shows the sinking time tfr in Gyr for
clusters of mass Mc in mean cold DM haloes (α = 1)
with virial mass M200. The starting radius rcirc,i is
kept fixed at a physical distance of 250 pc. At fixed
Mc, tfr increases with the virial mass of the host M200:
while ρ(r) increases with M200, so does the orbital ve-
locity vcirc(r), at the denominator in eqn (11). The
dependence on Mc is instead more marked: while dy-
namical friction can be ignored for clusters with Mc .
103.7 M, while massive clusters with Mc ≈ 105 M
sink to the center very quickly. Clusters with masses
Mc ≈ 104.5 M would also sink towards the center in
a fraction of the Hubble time. However, as the numer-
ical explorations of Sect. 5 show, the interplay between
dynamical friction and mass loss is significant in this
regime and the estimates obtained here are lower limits
for tfr. As in Fig. 1, the red and blue lines in panel a of
Fig. 2 display the curves rt(r) = 2Rh,c, here assuming
r = rcirc,i = 250 pc. Models close and above these lines
are unlikely to survive all the way to the center of haloes
with α = 1.
Panel b explores the dependence of tfr with α. Sim-
ilarly to panels b and c of Fig. 1, this uses the param-
eters (8) for α = 1, and adjusts ρs(α) so to satisfy the
mass constraint (5) for α < 1. The dependence of tfr
on α is rather mild. This is again due to the competing
dependences on the local density ρ(r) and local circular
velocity vcirc(r) in eqn (11), which both decrease with
α.
Depending on the cluster mass and on the details
of the host density profile, dynamical friction can only
bring the cluster to a finite distance from the center,
rstall, where it becomes strongly suppressed and the
sinking process ‘stalls’. This behavior is due to the for-
mation of a central core in the host density profile, on the
scale of rstall, as a consequence of the energy and angular
momentum transfer from the cluster itself (e.g., El-Zant
et al. 2001; Goerdt et al. 2010). In shallow density pro-
files, dynamical friction is suppressed by the emergence
of orbital resonances (e.g., Hernandez & Gilmore 1998;
Read et al. 2006; Inoue 2009; Cole et al. 2012; Petts
et al. 2016), which effectively halt the sinking process.
This behavior is not captured by the Chandrasekhar ap-
proximation (11), and therefore not taken into account
in the estimates above. Analytical arguments and nu-
merical studies (see e.g., Goerdt et al. 2010; Petts et
al. 2016) show that ‘core stalling’ happens at the radius
rstall where
rt(rstall) ≈ rstall . (13)
Panel c shows the stalling radii predicted by this equa-
tion, in pc, as a function of Mc and α. By definition,
these are also the values of rt(rstall). The red and blue
lines show the contours rt(rstall) = 2Rh,c for the clus-
ters in EriII and AndXXV. Models above these lines are
likely to experience significant tidal mass loss on their
way to the center of the host.
4. NUMERICAL SETUP
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In this Section, I describe the setup used for the N-
body experiments presented in this paper. All simula-
tions are collisionless N-body simulations, executed with
Gadget-2 (Springel 2005). Each features a spherically
symmetric host and a spherically symmetric star clus-
ter.
Initial conditions for the star cluster are generated as-
suming an isotropic Plummer phase space distribution
function (e.g., Plummer 1911; Dejonghe 1987), for a den-
sity profile
ρc(r) =
3Mc
4pir3c
(
1 +
r2
r2c
)−5/2
. (14)
The total mass Mc and the core size rc are free param-
eters. The projected half light radius for a Plummer
model is Rh = rc, while the spherical half light radius is
rh ≈ 1.31rc. In the runs described in Sect. 3.3 and used
to calibrate the dynamical friction timescale (12), the
star cluster is represented by a single massive particle.
The difficulty presented by these simulations is that
both cluster and host should be resolved with live par-
ticles, and that the individual masses of these particles
should be comparable. This makes for a significant com-
putational challenge, by bringing the total number of
particles to Ntot ∼ 109. A live cluster is necessary to
capture tidal stripping; a live halo for dynamical fric-
tion. In a static background potential, dynamical fric-
tion should be included by hand. However, a genuine
accounting of the sinking process is to be preferred here,
as the interplay between sinking and mass loss decides
the fate of the cluster (see Sect. 5). Particles in host and
cluster should have comparable masses to avoid artificial
dynamical heating of the cluster (see e.g., Brandt 2016;
Koushiappas & Loeb 2017), which would substantially
facilitate its disruption.
I circumvent this computational issue by combining
the use of a static potential and live particles for the host
halo. The clusters inhabit the central regions of the halo,
therefore resolving the host’s internal dynamics at large
radii is unnecessary. I mimic the technique of particle
tagging (often adopted in studying the assembly of the
stellar halo of galaxies, e.g., Bullock et al. 2001; Cooper
et al. 2010, 2013; Amorisco 2017) and order the host’s
mass by binding energy. Only a fraction flive of most
bound mass is resolved in live particles, the remainder
of the host mass is replaced by a static background po-
tential. As this selection in based on an integral of the
motion, the live particles are in equilibrium within the
combination of their own potential and of the associated
static background. The latter contributes a force
Fbkg(r) = Ftot(r)
[
1− Mlive(< r)
Mtot(< r)
]
. (15)
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Figure 3. Black line: the fraction of enclosed mass in live
particles for an NFW halo and a fraction flive = 3%. For
the same halo and flive, the red line shows the fraction of
enclosed mass resolved in live particles with v < vcirc(r) (see
text for more details). Where this fraction is ≈ 1, dynamical
friction is accurately described.
where Ftot is the total force and Mtot(< r) is the total
enclosed mass. Here, ‘total’ refers to the complete target
density profile, while Mlive(< r) is the enclosed mass in
live particles alone.
The minimum necessary fraction flive is fixed by the
requirement that the mass responsible for dynamical
friction in the regions of interest should be resolved in
live particles. As captured by eqn (11), this mass is
represented by the ‘slow’ fraction of the local density:
ρ(r)fv<vc . Assuming α = 1, the red line in Fig. 3 quan-
tifies the fraction of slow particles that are retained as
live for flive = 3%. In more detail, this is the ratio
between
• Mlive [< r/rs, v < vcirc(r/rs)], i.e. the mass of the
host (i) resolved in live particles; (ii) enclosed
in the radius r/rs; (iii) having orbital velocities
smaller than the circular velocity at the enclosing
radius, vcirc(r/rs).
• Mtot [< r/rs, v < vcirc(r/rs)]: the total mass of
the host satisfying (ii) and (iii).
A fraction flive = 3% is sufficient to fully describe dy-
namical friction at radii r/rs . 0.6. This can be com-
pared with the ratios Rh/rs, ≈ 0.18 for EriII and ≈ 0.4
for AndXXV, ensuring that a choice of flive = 3% is
appropriate. For this value, the black line in Fig. 3
shows the fraction Mlive(< r/rs)/Mtot(< r/rs), appear-
ing in the equation for the background force compo-
nent (15). Initial conditions for the live particles are
generated using the phase space distribution function of
the target density profile, which is obtained under the
assumption of orbital isotropy through the standard Ed-
dington inversion (e.g., Eddington 1916; Widrow 2000).
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This strategy entirely eliminates the computational is-
sue described above. At the same time it allows me to
genuinely capture the effects of dynamical friction.
5. CUSPY HALOES
In this Section I assume that EriII and AndXXV have
cuspy haloes, and numerically explore consequent evo-
lution scenarios for the star clusters.
5.1. The clusters formed as they are
I first consider the case in which the clusters
formed with properties similar to those currently ob-
served: logMc/M = 3.7 and Rh,c = 13 pc in EriII,
logMc/M = 4.4 and Rh,c = 25 pc in AndXXV. Fig. 4
shows what would happen if these clusters are put in
orbit within a host halo with α = 1 and parameters like
in eqn (8). Top panels refer to EriII, bottom panels to
AndXXV. In both, the orbit has a very high circularity,
j = 0.9, which keeps the cluster away from the central
regions. Orbital energies are motivated from the analy-
sis of Sect. 3.1 and and correspond to rcirc(E) = 0.5 kpc
for EriII and rcirc(E) = 0.7 kpc for AndXXV. Here
rcirc(E) is the radius of a circular orbit with energy E,
and the chosen values satisfy rt ≈ 2Rh,c.
Fig. 4 confirms the findings of Fig. 1: a cuspy halo rep-
resents an unavoidable threat for star clusters that are
as faint and as extended as in EriII and AndXXV. Both
clusters disrupt completely within a Gyr. The haloes in
Figure 4 have α = 1. However, Fig. 1 shows that the
location of the contour rt ≈ 2Rh,c is insensitive to the
density slope for α & 0.2. For them to survive for longer
times in cuspy haloes the clusters should constantly or-
bit at larger radii, with higher orbital energies. This
result shows that the observed locations of the clusters
in EriII and AndXXV are due to projection effects in
this scenario.
What is the likelihood of this? In other words, what is
the the probability to observe the clusters so close to the
center if they are forced to orbit at r > rmin? A rough
estimate can be obtained by considering the phase space
of a system that has been fully voided within the loss
cone corresponding to rperi < rmin:
g(E, J) =
 0 rperi(E, J) < rminf(E, J) rperi(E, J) ≥ rmin . (16)
Orbits that bring the cluster to a pericenter rperi < rmin
are not viable as they result in quick disruption.
I take f so that it describes the galaxy’s stars: when
integrated over the entire phase space f generates an
approximately Plummer density profile with the cor-
rect half-light radius. In particular, I take f to have
an isotropic lowered isothermal form, which has been
shown to provide a good description of both density
and kinematic profiles of dSphs (e.g., Amorisco & Evans
2011, 2012). I take rmin = 0.5 kpc for EriII and and
rmin = 0.7 kpc for AndXXV and assume that all orbits
with rperi ≥ rmin are equally viable. This is equivalent
to requiring that the lifetime of the clusters is &1 Gyr.
The fraction of mass the phase space density g gen-
erates within a projected distance δLOS from the center
represents the probability of observing the cluster at an
instantaneous projected location d < δLOS . Such proba-
bility is shown in the top panel of Fig. 5, in red for EriII
and in blue for AndXXV. The yellow shaded area shows
the range selected by the observations: δLOS < 60 pc.
For either systems individually, the probability of ob-
serving the cluster at such small radii is very small:
p . 0.4%. As the two systems are independent, the
probability of observing both this close to the center is
entirely negligible. This excludes the possibility that the
clusters in EriII and AndXXV formed in cuspy haloes
with structural properties similar to those currently ob-
served and have a lifetime & 1 Gyr. A possible way
to escape this is that the clusters formed at the cen-
ter of their respective host haloes, which is examined in
Sect. 5.1.1.
It is interesting to consider kinematic predictions of
the different scenarios, providing means to test them.
This is especially the case for EriII, since the dwarf’s
mass is substantially more secure than in the case of
AndXXV, as discussed in Sect. 3.1. The red histogram
in the bottom panel of Fig. 5 shows the probability dis-
tribution of the cluster’s LOS velocity, relative to the
systemic velocity of EriII vLOS,sys,
δvLOS ≡ vLOS − vLOS,sys , (17)
as obtained from the phase space distribution function
g, for d < 60 pc. In gray, the same probability dis-
tribution is shown for all EriII stars at d < 60 pc, as
generated by f . The distributions are similar, but large
LOS velocities are somewhat disfavored for the cluster.
In this scenario, the internal velocity dispersion of the
clusters is as implied by their stellar mass. For a mass
to light ratio M/LV = 2.5 M/L, the internal velocity
dispersions are
σc ≈
 0.53 kms−1 in EriII0.85 kms−1 in AndXXV . (18)
Finally, in this scenario, it is fair to ask whether DM
subhaloes could represent an additional threat for the
clusters. If I assume the population of bound substruc-
tures in cold DM haloes with logM200/M = 9 is a
10 Nicola C. Amorisco
x / kpc x / kpc x / kpc x / kpc
y 
/ k
pc
t = 0 Gyr t = 0.3 Gyr t = 0.6 Gyr t = 0.9 Gyr
x / kpc x / kpc x / kpc x / kpc
y 
/ k
pc
t = 0 Gyr t = 0.3 Gyr t = 0.6 Gyr t = 0.9 Gyr
Mc = 5.0 x 103 M⊙
Rh = 13 pc
Mc = 2.5 x 104 M⊙
Rh = 25 pc
Figure 4. Examples of quick tidal disruption for star clusters as observed in EriII (upper panels) and in AndXXV (lower
panels) in NFW haloes. The cluster are put on high circularity orbits (j = 0.9) with energies rcirc(E) = 0.5 kpc for EriII and
0.7 kpc for AndXXV. Both clusters are fully disrupted by tides within 1 Gyr.
scaled version of the one in Milky Way sized haloes (Die-
mand et al. 2008; Springel et al. 2008), close encounters
that could seriously disturb the clusters are extremely
rare. This is due to the combination of the high relative
velocities and of the preferentially higher orbital ener-
gies of subhaloes, which are rare in the central regions
(Springel et al. 2008).
5.1.1. The clusters formed as they are, at the center
If sitting at rest at the bottom of the potential, the
cluster would not be subject to tides. The clusters could
therefore have formed at the center of the cusp, and this
would allow them to survive indefinitely, despite their
low densities. By definition, in this scenario d = 0δvLOS = 0 . (19)
The predicted negligible offset is somewhat ad odds with
observations, but it is possible the measured values are
spurious, caused for example by lopsided stellar distri-
butions.
Contrary to the scenario of Sect. 5.1, in this case the
cluster could show inflated dynamical mass to light ra-
tios, due to the high central dark matter densities. Fig. 6
shows shows the predicted values of the cluster’s internal
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Figure 5. Top panel: in red (blue), the probability of ob-
serving the cluster in EriII (in AndXXV) at a projected dis-
tance d < δLOS from the center of a cuspy halo (α & 0.2,
virial mass M200 ≈ 109M), if its lifetime is &1 Gyr. Bot-
tom panel: in red, the prediction for the LOS velocity of the
cluster in EriII, compared to the LOS velocity of stars at
comparable distances from the center, in gray.
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Table 1. Suite of simulations with live, α = 1 halos. The table lists the initial properties of the clusters and the final fate of
the cluster, where D corresponds to tidal disruption, while S is a surviving cluster. All surviving cluster manage to sink to the
center of the halo.
(logMc,i/M, jc,i, rh,c,i/pc) outcome
({3.9, 4.1} , 1.0, 10.0) {S, S}
(4.3, {0.3, 0.5, 0.7, 0.8, 0.9, 0.95, 1.0} , 10) {D,D,D,D,D,D,D, S, S}
({4.5, 4.55, 4.575, 4.577, 4.579, 4.582, 4.588, 4.6} , 0.3, 10) {D,D,D, S, S, S, S, S}
(4.7, 0.3, {10, 12, 12.8, 13.5, 15}) {S, S, S,D,D}
({4.7, 4.8} , 0.9, 20.0) {D,S}
(4.8, 0.9, 22.5) D
(4.8, 1.0, 25.0) D
(4.9, 0.3, {15, 20}) {S,D}
(4.9, 0.6, {15, 20, 22.5}) {S, S,D}
(5.0, 0.3, {10, 20, 21, 22, 23, 25}) {S, S,D,D,D,D}
(5.0, {0.8, 0.85, 0.9} , 25) {D,S, S}
(5.0, 1.0, {10, 25, 30, 35}) {S, S, S,D}
(5.3, 0.3, {25, 30, 35, 40}) {S, S, S,D}
(5.3, 0.6, {30, 35}) {S, S}
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Figure 6. Predicted values for the internal velocity disper-
sion of the clusters, in kms−1, if these formed at rest at the
center of the halo. Red lines refer to the case of the cluster in
EriII and blue lines to the case of AndXXV. The displayed
values assume the clusters are dark matter dominated. For
M/L = 2.5M/L and no dark matter, the predicted values
of the internal velocity dispersions are as in eqn. (18).
velocity dispersion, in kms−1, in the plane of the halo’s
virial mass and central slope. Halos are constructed as
described in Sect. 3.1: haloes of the same virial mass
have the same total mass within the galaxy’s half light
radius. Fig. 6 assumes that the process of cluster for-
mation does not alter the properties of the central cusp,
and ignores the stellar content of the clusters. There-
fore, when the displayed values are higher than those
implied by stars alone in eqn (18), the clusters are DM
dominated. As in previous Figures, red refers to EriII
and blue to AndXXV. For virial masses as selected by
the constraint (5), M200 ≈ 109M, most cusps α & 0.4
result in dark matter dominated clusters, and the effect
is especially significant in the case α = 1, offering means
to test this observationally.
5.2. The clusters were originally more massive
In this Section I explore the possibility that the clus-
ters had different properties at formation: i.e. that
their mass was initially higher and/or their half light
radius initially smaller. Both these possibilities would
help them survive for longer times in a cuspy halo. As
shown in Fig. 2, for high enough masses the dynamical
friction timescale tfr becomes substantially shorter than
a Hubble time: it is in theory possible that the clusters
might have sunk to the center of the host while losing
mass because of the tides. Here, I explore on whether
this scenario can actually reproduce at the same time
both the low mass and the large sizes of the clusters in
EriII and AndXXV.
Motivated by the constraint (5), I concentrate on ha-
los with parameters like in eqn (8), corresponding to
M200 ≈ 109M, and take the case of the classical NFW
cusp, α = 1. The combination of Figs. 1 and 2 would
suggest that results obtained in this way might be at
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Figure 7. A three dimensional view of the initial conditions that result in surviving clusters, left panel, against those that lead
to its tidal disruption, right panel.
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Figure 8. Snapshots from the evolution of two clusters sharing initial mass, Mc,i = 10
4.7M, and initial orbital circularity,
j = 0.3, but having different initial sizes: rc,i = 12.8 pc in the top panels and rc,i = 13.5 pc in the bottom panels. The time in
Gyr of each snapshot is displayed in the upper-right corner of each panel. Black horizontal bars display a length of 50 pc. Red
circles identify the remnants and have a radius of 2Rh,c at that time. The bottom-right plot shows the full time-evolution of the
mass of the two clusters (time, on the horizontal axis is in units of Gyr; mass, on the vertical axis, is in units of logMc/M).
least qualitatively similar to the more general case of
α & 0.2. I fix the initial orbital energy of the clus-
ter at rcirc(E) = 0.25 kpc. In other words, the simu-
lations of this Section investigate the fate of the clus-
ter if this, while losing energy, approaches the thresh-
old rcirc(E) = 0.25 kpc with a given set of properties.
Once these quantities are fixed, I am left with a three
dimensional parameter space, featuring the initial clus-
ter mass Mc,i, the initial orbital circularity jc,i and the
initial three-dimensional half light radius rh,c,i. All runs
feature a star cluster with Nc = 5 × 103 or Nc = 104
equal mass particles. The host has Nh = 10
6 equal mass
particles, representing the most bound 3% of its mass,
as described in Sect. 4.
Table 1 lists the initial properties of all the runs ex-
plored. Runs that share 2 of the three free parameters
(logMc,i/M, jc,i, rh,c,i/pc) are listed on the same line
using brackets. The ‘outcome’ of the simulation summa-
rizes the fate of the cluster: D indicates a cluster that
is disrupted by tides before 15 Gyr, S refers to a clus-
ter that survives. In fact, in all explored cases surviv-
ing clusters have also sank to the center within 15 Gyr.
The outcome defines two separate regions in the three-
dimensional parameter space, and the set of explored
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initial conditions is aimed to best identify this demarca-
tion. Fig. 7 compares these two opposite volumes: the
left panel shows with green points the simulations with
outcome S, the right panel collects all runs with outcome
D. In the left panel, black lines connect individual runs
with outcome S to all models with higher initial mass
Mc, higher initial circularity j and smaller initial half
light radii rc. All these models would also survive. Sim-
ilarly, individual runs with outcome D are connected to
all models with lower initial mass Mc, lower initial cir-
cularity j and larger initial half light radii rc, which are
equally destined to tidal disruption.
Clusters with low mass, Mc,i . 104.3M only sur-
vive if concentrated, rc,i . 10 pc, and initially on orbits
that are essentially circular, j & 0.95. A circularity of
only j = 0.9 is capable of disrupting all clusters with
Mc,i ≤ 104.3M and/or rc,i ≥ 10 pc. Clusters with in-
termediate initial mass, 104.5 . Mc,i/M . 104.9, can
manage to sink to the center even if initially on eccen-
tric orbits, j ≥ 0.3, but need to be concentrated enough.
Dynamical friction and tidal mass loss are strongly cou-
pled in this regime: a cluster that looses mass sinks more
slowly, which in turn allows for further stripping before
the halo center can be reached. As a consequence, small
changes to the initial properties of the cluster result in
different outcomes, and, when the cluster survives, in
different final properties. An example of this is provided
by Fig. 8, which illustrates the evolution of two clusters
sharing an initial mass of Mc,i = 10
4.7M and an ini-
tial orbital circularity of j = 0.3, but having slightly
different initial sizes: rc,i = 12.8 pc in the upper pan-
els and rc,i = 13.5 pc in the lower panels. Each panel
displays a snapshot of the simulation, corresponding to
the time indicated in the upper-left, in Gyr. The black
bars display a length of 50 pc, while the red circles iden-
tify the remnants, and have a size of 2Rh,c at that time.
No bound remnant is identified in the bottom panels
at t = 3.4 Gyr: the less concentrated cluster has been
completely shredded by that time. The bottom-right
panel shows the mass evolution of both clusters: the
abscissa indicates time in Gyr and masses are in units
of logMc/M. While the concentrated cluster manages
to sink to the center of the halo and survives thereafter
with little to subsequent mass evolution, the small dif-
ference in the initial size causes the second cluster to be
disrupted by tides.
High mass clusters, Mc,i/M & 105 are in general
capable of sinking to the center, unless they are exceed-
ingly extended for their orbit. An initial half light ra-
dius of rc,i ≤ 20 pc allows clusters with Mc,i ≥ 105M
to survive, despite initial orbital eccentricities as low as
j ≥ 0.3. The boundary with models that lead to dis-
ruption is however thin: if rc,i ≥ 25 pc, a cluster with
the same mass would be disrupted unless initially on an
orbit with very high circularity, j ≥ 0.85. Figure 9 com-
pares the cases of two clusters on initially circular orbits,
j = 1, which share an initial mass of Mc,i = 10
5M, but
have different sizes: rc,i = 30 pc in the upper panels and
rc,i = 35 pc in the lower panels. The second cluster is
exceedingly extended to survive, despite its high mass
and the fine tuned, benign orbit. Finally, clusters as
massive as Mc,i ≥ 105.3M manage to sink despite ini-
tial orbital eccentricities j ≥ 0.3, as long as rc,i . 35 pc.
I do not explore higher values of Mc,i, as these would
make the cluster comparable or higher in mass than the
total stellar population of the host galaxies. This limit is
especially stringent for EriII, LV ≈ 6×104L: an initial
mass Mc,i ≈ 105M implies that the largest majority of
the dwarf’s stars once belonged to the cluster itself.
5.2.1. The clusters survived by sinking
As shown by Fig. 8 and 9, clusters that manage to
reach the bottom of the potential do not experience sig-
nificant mass loss thereafter and their structural proper-
ties remain approximately constant. A list of the proper-
ties of the surviving clusters is provided in Table 2. The
final mass Mc,f and the final projected half light radius
Rh,c,f are recorded together with the time it takes for
the cluster to sink to the center of the host, tfr. Opera-
tionally, this is defined as the time at which the cluster’s
orbital energy and angular momentum imply an instan-
taneous apocenter rapo < 30 pc. Sinking times span the
full available range: from the tfr ≈ 15 Gyr of the low-
mass cluster with logMc,i/M – which survives because
of its high concentration and perfectly circular orbit, to
the much quicker tfr ≈ 0.6 Gyr of the models with high
initial mass, logMc,i/M > 5. It is interesting to notice
the good agreement at high masses with the estimates
of eqn. 12 and Fig. 2, when the clusters experience very
limited mass mass loss. Sinking times become longer
than estimated for clusters of initially lower mass, when
tidal stripping is more effective.
Figure 10 shows the final masses (left panel) and final
projected half light radii (right panel) of all surviving
clusters, in the three dimensional parameter space. The
dependences of the final mass are as expected: all the
rest being the same, the final mass increases with the
initial mass, increases with the initial orbital circularity,
decreases with the initial size. The right panel of the
same Figure shows that large final sizes, Rh,c,f & 14 pc,
are achieved only for high initial masses, Mc,i & 105M.
Importantly, I find that no surviving cluster has a final
size that is much larger than its starting one. In all
cases Rh,c,f . rc,i: if the cluster manages to survive,
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Figure 9. Snapshots for the evolution of two clusters sharing initial mass, Mc,i = 10
5M, and initial orbital circularity, j = 1,
but having different initial sizes: rc,i = 30 pc in the top panels and rc,i = 35 pc in the bottom panels. Symbols and colors as in
Fig. 8.
Table 2. Suite of simulations with live, α = 1 halos resulting in surviving, sunk clusters. Column 1 lists the initial conditions;
Columns 2 and 3 list the mass and half light radius of the cluster once it has reached the halo center; Column 4 lists the time
it takes for it to sink.
(logMc,i/M, jc,i, rh,c,i/pc) logMc,f/M Rh,c,f/pc tfr/Gyr
({3.9, 4.1} , 1.0, 10.0) {3.4, 3.9} {4.7, 6.1} {14.9, 9.2}
(4.3, {0.95, 1.0} , 10) {4.0, 4.1} {6.4, 6.8} {6.4, 5.6}
({4.577, 4.579, 4.582, 4.588, 4.6} , 0.3, 10) {3.8, 3.8, 3.9, 3.9, 3.9} {6.1, 6.7, 6.7, 7.0, 7.0} {9.4, 8.2, 4.9, 4.4, 4.1}
(4.7, 0.3, {10, 12, 12.8}) {4.4, 4.0, 3.2} {8.3, 8.1, 5.3} {2.3, 2.8, 4.3}
(4.8, 0.9, 20.0) 4.4 10.0 2.2
(4.9, 0.3, 15) 4.5 9.3 1.6
(4.9, 0.6, {15, 20}) {4.6, 4.4} {9.6, 10.2} {1.5, 1.8}
(5.0, 0.3, {10, 20}) {4.9, 4.4} {8.8, 10.4} {1.1, 1.5}
(5.0, {0.85, 0.9} , 25) {4.5, 4.5} {11.7, 11.9} {1.4, 1.5}
(5.0, 1.0, {10, 25, 30}) {5, 4.7, 4.6} {8.5, 12.9, 12.4} {1.1, 1.4, 1.5}
(5.3, 0.3, {25, 30, 35}) {5.1, 5.0, 4.8} {14.0, 15.7, 15.7} {0.6, 0.6, 0.7}
(5.3, 0.6, {30, 35}) {5.1, 5.0} {15.5, 15.5} {0.6, 0.6}
tidal heating has not significantly increased its size. The
final size reflects well the initial size, with clusters that
loose high fractions of their mass and clusters originally
more extended experiencing stronger reductions in their
size.
In the left panel of Fig. 10, models with a final mass
logMc,f/M < 3.7 are highlighted with large red cir-
cles. These are compatible with the observed mass of
the cluster in EriII. Models highlighted with blue circles
in the same panel have 3.7 < logMc,f/M < 4.4, com-
patibly with the cluster in AndXXV. Similarly, the right
panel highlights models with compatible final sizes. No
obvious overlap is readily identified. Two sets of initial
conditions are selected in red because of the final mass,
these are (logMc,i/M, jc,i, rh,c,i/pc) = (3.9, 1.0, 10)
and (logMc,i/M, jc,i, rh,c,i/pc) = (4.7, 0.3, 12.8). An
illustration of the latter is presented in the top panels of
Fig. 8. Both of these models manage to survive because
of their small initial sizes and would be disrupted if ini-
tially more extended. In fact, both have final and initial
sizes that are smaller than observed in EriII. Models
selected for having compatible final sizes have instead
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much higher initial mass, logMc,i/M = 5, and are al-
ready extended at formation, rc,i ≥ 25 pc. However,
they result in exceedingly high final masses. While this
does not demonstrate that the cluster in EriII cannot
be a sunk cluster, it does show that clusters with these
properties are not a common outcome in cuspy haloes
of the relevant virial mass. If initial conditions capable
of generating a cluster that resembles EriII indeed exist,
they are very well tuned.
The most promising model for EriII (logMc,i/M, jc,i,
rh,c,i/pc) = (5, 1.0, 30), which corresponds to a com-
patible final size of Rh,c,f = 12.4 pc, but a high
logMc,f/M = 4.6. The evolution of this model is
illustrated in Fig. 9 (top panels), together with the one
of the ‘closeby’ model (logMc,i/M, jc,i, rh,c,i/pc) =
(5, 1.0, 35) (bottom panels), which results in tidal dis-
ruption. If the final states of the intervening models
have similar sizes but gradually decreasing masses, then
a cluster similar to the one in EriII could indeed form
from a set of initial conditions within this interval. As-
suming this is possible, most EriII stars would in fact
be stars that formed in the cluster, as the initial cluster
mass is comparable with the total stellar mass of the
galaxy itself. Additionally, the tidal friction time scale
would be quite short, tfr ≈ 1.5 Gyr. If indeed existing,
this model would belong to a quite small island of the
parameter space. A very fine tuning is required in order
to adjust initial size and initial orbital circularity so for
the cluster to shed a very high fraction of mass, & 95%,
without however being disrupted. Such ‘viable’ island is
likely to extend in the direction of higher initial masses,
logMc,i/M > 5, but this would not increase its volume
significantly.
The case of AndXXV appears even more desperate: in
the entire suite, no single cluster manages to sink while
maintaining a large enough projected half light radius.
All runs have an all too compact Rh,c,f . 16 pc. It is
much easier to reproduce the final mass of the cluster in
AndXXV, but the final half light radii of these models
are approximately factor 2 away from the target size.
This is even more extreme than in the case of EriII. It is
possible that initially very extended, rc,i & 35 pc, well
tuned clusters could produce a sunk remnant compatible
with AndXXV. These however would likely be initially
massive, logMc,i/M & 5.3, and shed the large major-
ity of their mass. As for EriII, this raises a problem of
extreme fine tuning. As explored here, the scenario of
sunk clusters in a cuspy halo does not naturally repro-
duce the properties of either EriII or AndXXV.
As to the kinematical properties of the sunk clusters,
these have low line of sight velocities in cuspy haloes,
δvLOS . vcirc(rstall ≈ 5 pc) = 1.5 kms−1, and their in-
ternal velocity dispersions are not as inflated as in Sec-
tion 5.1.1, as a consequence of their sculpting effect on
the very central density cusp, as described in Sect. 3.3.
5.3. The clusters are in a transitory state
A last possibility to consider for cuspy haloes is that
the clusters are currently in a state that departs from
dynamical equilibrium, and that the observed structural
properties are in fact transitory. Clusters on very ec-
centric orbits are strongly affected by tidal shocking at
pericenter: this periodic energy injection causes their
half light radius to expand and contract on the orbital
timescale.
Examples of this behavior are shown in Fig. 11, which
displays close-ups from the evolution of models with
(logMc,i/M, jc,i, rh,c,i/pc) = (5, 0.3, 21) in the upper
panels and (logMc,i/M, jc,i, rh,c,i/pc) = (4.55, 0.3, 10)
in the lower panels. Both these sets of initial conditions
lead to tidal disruption. The leftmost panels display the
evolutionary tracks of the two clusters in the plane of
the instantaneous cluster mass, on the horizontal axis
with units in logMc/M, and of the instantaneous pro-
jected half light radius Rh,c, on the vertical axis with
units in pc. Tracks are color-coded by time, and extend
between the start of the simulation, marked by a black
circle, and the last snapshot in which a bound remnant
is identified, marked by a red cross. Snapshots are avail-
able in intervals of 0.05 and 0.1 Gyr for the models in
the upper and lower panels, respectively. Both evolu-
tionary tracks show that, while continuously shedding
mass, the cluster oscillates between an expanded and a
contracted state, in an a approximately regular fashion.
Panels a − d in the same Figure are centered on the
cluster; time is shown in the bottom-right corner of each
panel and red circles have a radius of 2Rh,c at that time.
The different panels in each row share the same linear
scale, illustrated by the black bar in panels a, so that
the sizes of the clusters are comparable. In each row,
the four panels refer to couples of expanded-contracted
states, consequent in time, as shown by the green ar-
rows in the left-most panels. These states correspond to
different orbital phases: the clusters are close to pericen-
ter when in their contracted state. Then, following the
tidal shock, they expand at apocenter. The evolutionary
tracks of models on circular orbits do not display this
behavior and their projected half-light radius decreases
in a monotonic fashion. This effect is analogous to what
recently observed in simulations of dissolving satellite
galaxies on eccentric orbits (Ku¨pper et al. 2017). It is
interesting to note that, when in an expanded state, the
internal velocity dispersion of the cluster remains ap-
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Figure 10. The final mass Mc,f , left panel, and the final projected half-light radius Rh,c,f of the sunk clusters. Models with a
final mass compatible with the cluster in EriII, logMc,f/M < 3.7 are highlighted with large red circles in the left panel. In the
same panel, large blue circles identify models with 3.7 < logMc,f/M < 4.4, compatible with the properties of the cluster in
AndXXV. In the right panel, similar large circles identify models with final projected sizes that are compatible with the cluster
in EriII, 12 < Rh,c,f < 14. No single model with a final half-light radius large enough to be compatible with the cluster in
AndXXV is found. None of the explored models satisfy at the same time mass and size requirements to be compatible with
observations.
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Figure 11. An illustration of the oscillation in the size of clusters on eccentric orbits. Top panels refer to the run
(logMc,i/M, jc,i, rh,c,i/pc) = (5, 0.3, 21), bottom panels have (logMc,i/M, jc,i, rh,c,i/pc) = (4.55, 0.3, 10). In both rows,
the left-most panels display the evolutionary tracks of the cluster in the plane of cluster mass (horizontal axis, in units of
logMc/M) and projected half light radius (vertical axis in units of pc). The regular oscillatory behavior of the half light
radius reflects orbital phase: clusters are contracted at pericenter and expand near apocenter. The shaded regions identify the
properties of the observed clusters (blue for AndXXV, red for EriII). Arrows identify the snapshots illustrated by panels a− d.
Red circles in panels a− d have a radius of 2Rh,c at that time; time is displayed in the bottom-right in Gyr.
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proximately compatible with the total bound mass, i.e.
departures from virial equilibrium are not significant.
The shaded regions in the left-most panels identify the
properties of the observed clusters, in blue for AndXXV
in the top row, and in red for EriII in the bottom row.
The size oscillations described above bring models closer
to the target properties. I have examined the evolution-
ary tracks of all explored models, disrupted and surviv-
ing, as in Table 1, but did not identify transitory states
with the target properties. When in their extended state
at apocenter, initially extended clusters with high initial
mass, logMc,i/M & 5, can get ‘close’ to the target re-
gion for AndXXV. As for the model in the top row of
Fig. 11, this happens close in time to full tidal disrup-
tion. Clusters with this mass sink in tfr . 1.5 Gyr,
and therefore their lifetime is even shorter when they
disrupt. As a consequence, for this mechanism to be a
viable candidate for AndXXV, the cluster should either
be formed very recently, or have been accreted only very
recently, both of which appear unlikely.
6. CORED HALOES
This Section is aimed to provide a numerical confir-
mation that clusters like in EriII or AndXXV would be
long lived if hosted by cored haloes, α . 0.2. As shown
in Fig. 1, the tidal radius is a non monotonic function
of the orbital radius, making the inner core regions safe
shelters for the clusters. The size of the Roche lobe
is instead minimized at intermediate radii. For haloes
compatible with the mass constraint 5, the strength of
the tidal field is maximized at r ≈ 400 pc.
To explore whether this is threat, I simulate two clus-
ters on circular orbits at rcirc = 400 pc using a static
background potential for the halo, so to ensure the clus-
ters indefinitely remain where tides are stronger. The
initial properties of these clusters are as observed, and as
in the simulations explored in Sect. 5.1: logMc/M =
3.7 and Rh,c = 13 pc in EriII, logMc/M = 4.4 and
Rh,c = 25 pc in AndXXV. Both clusters are populated
with Nc = 10
4 equal mass particles. Figure 12 shows
their mass evolution, in blue and red respectively for
AndXXV and EriII. Both are extremely long lived: they
experience some mild mass loss within the first Gyr, as
they adjust to the surrounding tidal field, but their evo-
lution slows down thereafter. The right panels in the
same Figure are close ups on the clusters themselves
at t = 15 Gyr. As in previous Figures, the red circles
have a radius of 2Rh,c. As suggested by the analytic
arguments of Section 3, despite their low densities, clus-
ters like those observed in EriII and AndXXV are not
threatened by the tidal field of haloes with α . 0.2.
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Figure 12. Left panel: the mass evolution of clusters as
observed in EriII (in red) ad AndXXV (in blue) when in
cored haloes, on circular orbits at the radius where the tidal
field is strongest, r = 400 pc. Left panels: close ups on the
clusters at t = 15 Gyr. The red circles have a radius of 2Rh,c
at that time.
As the cluster in EriII has not shed much mass so
far, Fig. 2 shows that it is likely to be now close to
completing its sinking process. The cluster in AndXXV
should instead already have done so, and reached its
stalling radius. As shown by panel c in Fig. 2, this makes
the observation of small offsets from the dwarf center,
on the scale of 50 pc, quite natural. In both cases, these
should be accompanied by low, though likely non-zero,
proper velocities, of the order of the circular velocity at
the stalling radius
δvLOS . vcirc(rstall ≈ 50 pc) = 1.7 kms−1 . (20)
Finally, as shown by Fig. 6, the DM content of the clus-
ters in this case should be just a fraction of their stellar
content, and their internal velocity dispersions should
therefore be close to what predicted by eqn. (18).
7. DISCUSSION AND CONCLUSIONS
This paper studies the evolution of star clusters in
dwarf galaxy haloes, concentrating on the regime of clus-
ters with low mass and extended size. This is aimed
to reproduce the evolution and survival to the present
day of the two low density clusters recently observed in
EriII and AndXXV. A systematic numerical exploration
is dedicated to the case of cold DM haloes, with a cen-
tral density cusp with slope α = 1. As suggested by
the internal kinematics and by the luminosity of these
dwarfs, I concentrate on mean cosmological haloes with
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virial mass of M200 ≈ 109 M. These haloes are found
to pose an almost inescapable threat to star clusters
that are as faint and extended as observed. Haloes com-
patible with the galaxy’s internal kinematics but with
different values for the inner density slope α are found
to have very similar tidal fields for α & 0.2.
Clusters as seen in EriII or AndXXV have lifetimes
< 1 Gyr if orbiting at radii r . 500 pc from the center
of such haloes: the probability of observing long lived
clusters at small galactocentric distances is negligible,
at odds with the observations. The possibility that the
clusters were initially more massive and have sunk to
the center is found to require a very fine tuning. To
survive tidal stripping, a high initial mass is required;
however, shedding a high fraction of this mass without
resulting in complete disruption requires well adjusted
initial conditions. Clusters as extended and as faint as
observed are not a natural outcome in cold DM haloes
with the relevant virial mass.
The most likely scenario offered by cuspy haloes is
that the clusters formed at rest at the bottom of the
potential, where they would not be subject to the tidal
field. With the present information alone, this possi-
bility cannot be excluded, but firm predictions can be
made. First, the observed offset from the center of the
two dwarfs would have to be spurious, caused for exam-
ple by lopsided stellar distributions. Second, this sce-
nario predicts no offset between the systematic line of
sight velocity of the galaxy and the one of the cluster.
Furthermore, if the process of cluster formation did not
affect the central DM cusp, or preceded the formation
of the cusp itself, the clusters should be dark matter
dominated, resulting in an observably inflated internal
velocity dispersion.
In turn, in shallow or cored DM haloes, α . 0.2, tidal
fields do not represent a threat. In fact, the central re-
gions of the halo are found to be safe shelters: the nomi-
nal tidal radius has a minimum at a scale of r/rs ≈ 1/4,
and it increases in the inner core. Clusters like those in
EriII and AndXXV are long lived and free to orbit at any
radius in such a tidal field. In this scenario, dynamical
friction timescales are such that the clusters should ei-
ther have completed their sinking or be close to reaching
their stalling radii: such low orbital energies make the
observed small projected offsets unsurprising. Offsets
in the line of sight velocity should also be small, though
likely non negligible, with a magnitude comparable to or
smaller than the local rotational velocity. Finally, the
internal velocity dispersion of the clusters is compatible
with the observed luminosities.
This analysis has of course a series of caveats. Some
of these are unlikely to seriously affect the conclusions
of this work. For example:
• the mass range assumed for the hosting halo could
be too high, but it appears unlikely that both EriII
and AndXXV have virial masses logM200/M 
9. Star formation should be strongly hampered
in such low mass haloes (see e.g., Okamoto et al.
2008; Sawala et al. 2016).
• I have ignored the collisional dynamics that takes
place inside the clusters, which could have caused
them to expand after sinking. However, the
timescales of collisional processes are exceedingly
long for such extended and faint clusters (e.g.,
Gieles et al. 2010, 2011).
• I have ignored the possible presence of a central
massive black hole in the clusters. This would in-
deed make them less prone to mass loss, but the
black hole mass should be higher than the cluster
mass itself in order to make a qualitative difference
in the picture outlined above.
More important caveats are those connected to the phys-
ical conditions of the halo at the time of the formation
of the clusters. Here, I have assumed the density dis-
tribution of the host haloes do not evolve in time. This
is a good approximation for the halos of dwarf satellite
galaxies, which have early formation times and do not
substantially grow at recent times. Even when isolated,
a mean cold DM halo with virial mass of logM200/M =
9 at z = 0 already had a mass of logM200/M ≈ 8.6 at
z = 3 (e.g., Fakhouri et al. 2010). However, if the dy-
namics that brought to systems like EriII and AndXXV
took place at much higher redshifts, then this might still
be an issue. Another relevant caveat is connected to the
dynamical friction contributed by the galaxy’s gas. Note
that for this to alter the dynamical friction timescale by
factors of order 1 the local gas density should be com-
parable with the local dark matter density at z = 0.
This seems high for a dwarf galaxy, but it is difficult to
exclude this was possible at high redshift.
Nonetheless, both the possibilities just described are
in practice equivalent to the scenario in which the clus-
ters formed at the center of the cusp. For a cold DM
halo that managed to preserve its density cusp to the
present day other options are strongly disfavored, as the
two clusters are exceedingly fragile. The only realistic
scenario is that they formed at the bottom of the poten-
tial, and are in fact galactic nuclei. This is easily tested
by observations of the clusters’ kinematics, which pro-
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vide a straightforward way to distinguish between the
remaining viable scenarios.
• The easiest case is the one in which either of the
clusters is not at rest in its host, with a proper
velocity that is higher than what expected for a
sunk cluster in cuspy host: δvLOS & 1.5 kms−1.
This would be proof of a centrally cored halo, α .
0.2.
• The case of a negligible proper velocity would be
compatible with the scenario of a nucleus in a
cuspy halo. In fact, a cusp should perhaps be pre-
ferred in this case: an entirely negligible velocity
would require better tuning in a cored halo, whose
kinematical center is not as well defined. The in-
ternal velocity dispersion of the cluster would then
provide further help, as the cluster should be dark
matter dominated if it is a nucleus in a cuspy host.
• The intermediate case of a non negligible but small
proper velocity, δvLOS . 1.5 kms−1, would indi-
cate a sunk cluster. Formally, both a cuspy and
a cored halo would be possible. In both cases the
internal velocity dispersion of the cluster would be
low, and therefore unhelpful. However, this work
shows that an extreme degree of fine tuning is re-
quired to reproduce the structural properties of
the observed clusters in the case of a cuspy halo.
A core would be a much more natural explanation.
This provides a simple and well defined strategy to re-
liably probe the central density distribution of two low
mass dark matter haloes. Such a measurement would
have important implications for our understanding of
both stellar feedback and of the nature of dark matter,
independently of the outcome. To start, a clear obser-
vational confirmation of the long predicted central cusp
of cold dark matter haloes is still missing. On the other
hand, the detection of a cored halo would be at least as
interesting. Stellar feedback is not obviously expected
to form large cores in galaxies with such low luminosity.
In fact, that would certainly be surprising for a dSph
with LV ≈ 5× 105 L like AndXXV or a UF with only
LV ≈ 6 × 104 L like EriII. The presence of a central
density core would pose fundamental questions on the
importance and incidence of stellar feedback in dwarf
galaxies at the bottom of the galactic mass scale. Fi-
nally, if feedback is indeed proven to be ineffective at
such low luminosities, this measurement would directly
point to alternative dark matter candidates.
I would like to thank the referee for a constructive
report.
Software: Gadget-2 (Springel 2005)
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